This study investigated the relationship between reinforcer value and choice between cocaine and two non-drug alternative reinforcers in rats. The essential value (EV, a behavioral economic measure based on elasticity of demand) of intravenous cocaine and food (Experiment 1) or saccharin (Experiment 2) was determined in the first phase of each experiment. Food had higher EV than cocaine, whereas the EVs of cocaine and saccharin did not differ. In the second phase of each experiment, rats were allowed to make mutually exclusive choices between cocaine and the non-drug alternative reinforcer. The main findings were that the EV of cocaine was a positive predictor of cocaine preference and the EV of food or saccharin was a negative predictor of cocaine preference. An analysis of within-session patterns of choice behavior revealed sequential dependencies, whereby rats were more likely to choose cocaine on a particular trial after having chosen the non-drug alternative on previous trials. When the time between choices was increased, these sequential dependencies disappeared. The results of these experiments are consistent with the suggestion that addiction-like behavior involves both overvaluation of drug reinforcers and undervaluation of non-drug reinforcers.
INTRODUCTION
Recently, there has been much interest in studying rats' choice of drug reinforcers over non-drug alternatives (Augier et al. 2012; Cantin et al. 2010; Caprioli et al. 2015; Huynh et al. 2015; Kerstetter et al. 2012; Lenoir et al. 2013; Madsen & Ahmed 2015; Panlilio et al. 2015; Perry et al. 2013 Perry et al. , 2015 Thomsen et al. 2013; Tunstall & Kearns 2013 , 2014 Vandaele et al. 2015; Vanhille et al. 2015) . This interest has been stimulated by the observation that rats' choice of drug over non-drug reinforcers more closely approximates addiction-like behavior than selfadministration in the absence of alternatives (Ahmed 2010) . A common finding in choice studies with rats is that there are large individual differences in preference, with some rats consistently choosing the drug reinforcer and others consistently choosing the non-drug alternative.
Currently, little is known about what makes some rats prefer the drug and others prefer the non-drug alternative. Individual differences in the ways that rats value the two reinforcers available in a choice situation could account for individual differences in preference. For example, drug preferrers may value the drug reinforcer more highly than do non-drug-preferring rats, with there being no difference between these subsets of rats in terms of how they value the non-drug alternative. Alternatively, it may be that there is no difference between these rats in terms of how the drug is valued, but drug preferrers place lower value on the non-drug alternative than do non-drug preferrers. Either of these possibilities alone might be expected to lead to increased drug preference. Drug preference could be especially likely when both of these possibilities occur in the same subject. The goal of the present study was to determine how the values of drug and non-drug reinforcers contribute to the choice between them.
A behavioral economic approach was used to quantify reinforcer value. Hursh & Silberberg's (2008) exponential demand model was applied to rats' consumption of cocaine and non-drug alternative reinforcers. This model provides for any reinforcer a single measure, called essential value (EV) , that reflects the inelasticity of demand for the reinforcer. The advantage of EV over other measures of reinforcer strength is that it is independent of reward magnitude, dose and other factors that have made measurement of reinforcer value difficult (Hursh & Silberberg 2008 ). Progressive-ratio schedule breakpoint (BP), a commonly used measure of motivation for a reinforcer, has been shown to vary as a function of drug dose (e.g. Gancarz et al. 2012) or the magnitude of food (Skjoldager et al. 1993) or sucrose (Rickard et al. 2009) reinforcers. Because EV is not affected by scalar properties of the reinforcer in this way, it is thought to be a purer measure or reinforcer value. A growing number of recent studies have used the exponential demand model to quantify reinforcer value (e.g. Christensen et al. 2008a Christensen et al. , 2008b Bentzley et al. 2013 Bentzley et al. , 2014 Koffarnus & Woods 2013; Lamb & Daws 2013; Schwartz et al. 2016) .
In the present study, the drug reinforcer was cocaine and the non-drug alternative was food (Experiment 1), a reinforcer that is biologically necessary for survival, or saccharin (Experiment 2), a reinforcer that is not necessary for survival. In both experiments, the EVs of cocaine and the non-drug alternative were obtained for each rat in a first phase. In a second phase, rats' preference for these reinforcers was measured in a choice situation. The primary goal of the present experiments was to investigate how reinforcer value relates to choice. It was hypothesized that increased cocaine EV or decreased non-drug alternative EV would be associated with increased cocaine preference.
A secondary goal of the present study was to investigate within-session patterns of choice behavior. Previous studies with non-drug reinforcers analyzing sequences of behavior have found that choices are often determined in part by previous choices (e.g, Shimp 1966; Silberberg & Williams 1974) . These kinds of sequential dependencies indicate that choice behavior is influenced by local factors that are not always captured by whole-session measures of preference. We examined potential sequential dependencies here in an effort to more fully characterize the processes contributing to the choice between cocaine and non-drug alternatives.
MATERIALS AND METHODS

Subjects
Twenty-seven adult male Long-Evans rats completed Experiment 1, and 20 adult male Long-Evans rats completed Experiment 2. Rats were individually housed in plastic cages with wood-chip bedding. Rats in Experiment 1, where food was a reinforcer, were maintained at 85 percent of their free-feeding weights (approximately 400-500 g) throughout the experiment. Rats in Experiment 2, where saccharin was the reinforcer instead of food, had unlimited access to rat chow in their homecages. Rats in both experiments had unlimited access to water in their homecages. Throughout the experiment, rats were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences 2011) and all procedures were approved by the American University's Institutional Animal Care and Use Committee.
Apparatus
Training in both experiments took place in 10 standard operant test chambers described in detail elsewhere . The essential features of each chamber were two retractable levers, a food dispenser and food trough (Experiment 1), or retractable sipper tube and bottle (Experiment 2), cue-lights above each lever, and a speaker used to provide a tone (4000 Hz and 70 dB) stimulus. In both experiments, cocaine (Drug Supply Program, National Institute on Drug Abuse, Bethesda, MD) in a saline solution at a concentration of 2.56 mg/ml was infused at a rate of 3.19 ml/minute by 10-ml syringes driven by Med-Associates syringe pumps.
Surgery
Before starting training on the behavioral procedures, all rats were surgically prepared with chronic indwelling jugular vein catheters, using procedures described in detail elsewhere (Thomsen & Caine 2005; . All surgery was conducted under ketamine (60 mg/kg) and xylazine (10 mg/kg) anesthesia. Rats were given 5-10 days to recover from surgery. Catheters were flushed daily with 0.1 ml of a saline solution containing 1.25 μg/ml heparin and 0.08 mg/ml gentamicin.
Procedure
Experiment 1
Phase 1: demand for cocaine and food. The demand procedure used here was similar to that in Christensen et al. (2008a) . Rats were first trained to lever press for cocaine and for food on a fixed-ratio (FR) 1 schedule. During sessions lasting 3 hours, there were eight components lasting 15 minutes each where one of the two retractable levers was inserted. There were four presentations each of the cocaine and food levers, with the order of presentation randomized with the restriction that there were no more than two consecutive components of the same type. Each component was followed by a 7.5-minute period where both levers were retracted. Thus, over the course of the 3-hour session, rats had access to each of the levers for a total of 60 minutes. The position (left versus right) of the cocaine and food levers was counterbalanced over rats. During cocaine-lever components, a lever press resulted in infusion of a 1.0-mg/kg cocaine infusion and simultaneous illumination of the cue light above the lever and presentation of the tone for 10 seconds. During food-lever components, a lever press resulted in delivery of a 45-mg food pellet.
Rats were trained on this procedure with an FR 1 schedule for a minimum of eight sessions and until the consumption of each reinforcer stabilized. Stability was defined as three consecutive sessions where the total number of reinforcers earned of each type did not vary from the rolling three-session mean by more than 20 percent. Once this stability criterion was reached, the FR increased over blocks of two to three sessions according the following sequence: 3, 10, 32, 100, 320, and 560. The progression of the sequence ended early if a rat's consumption of both reinforcers at a particular FR declined to less than 10 percent of consumption observed at FR 3.
Phase 2: choice between cocaine and food. Upon completion of demand testing, rats were trained on a discrete-trial choice procedure like that introduced by Cantin et al. (2010) and used by Tunstall & Kearns (2013 , 2014 . Each session began with four forced-choice trials. There were two forced-choice trials each with the cocaine and food levers, with trial order randomized within blocks of two. These forced-choice trials ensured that rats sampled each lever twice at the beginning of each session. On a cocaine trial, the cocaine lever was inserted into the chamber and a single lever press resulted in delivery of a 1.0-mg/kg cocaine infusion, presentation of the associated 10-second audiovisual cue, and retraction of the lever. On a food trial, the food lever was inserted and a single lever press resulted in delivery of a food pellet and retraction of the lever. Each trial was followed by a 10-minute intertrial interval (ITI). Following the four forced-choice trials, there were 14 free-choice trials. Now, both levers were inserted simultaneously. A single press on the selected lever resulted in delivery of the designated reinforcer and retraction of both levers. A 10-minute ITI followed each free-choice trial. Rats were trained on this procedure for at least five sessions and until preference stabilized. The stability criterion was three consecutive sessions where the number of choices a rat made for its preferred reinforcer (whether cocaine or food) did not vary by more than 20 percent from the rolling three-session mean.
Experiment 2
Phase 1: demand for cocaine and saccharin. Rats in Experiment 2 were trained on the same demand procedures used in Experiment 1 except that access to a 0.2 percent (w/v) saccharin solution was the non-drug reinforcer instead of a food pellet. When rats earned a saccharin reinforcer, the saccharin sipper tube was inserted into the chamber for 20 seconds, allowing rats to drink from it. As in Experiment 1, cocaine infusions were accompanied by a 10-second tone-light cue.
Phase 2: choice between cocaine and saccharin. Rats were trained on the same choice procedure used in Experiment 1 except that the non-drug alternative was 20-second access to the saccharin solution instead of food. As in Experiment 1, rats were trained on this procedure for at least five sessions and until meeting the same stability criterion used in Experiment 1. After meeting this criterion, rats were trained for an additional five sessions on a procedure where the ITI that preceded each free-choice trial was increased from 10 to 60 minutes. The number of free-choice trials per session was reduced to three so that sessions did not become extremely long. There were still four forcedchoice trials at the start of session separated by 10-minute ITIs. After the five choice sessions with the 60-minute ITI procedure, rats were trained for five additional sessions with the original 10-minute ITI procedure.
Data analysis
For all statistical tests, the significance level was set to 0.05. For collections of related multiple t-tests, the Benjamini & Hochberg (1995) procedure was used to control the false discovery rate at ≤0.05.
For the demand data, the number of cocaine infusions self-administered and the number of food or saccharin reinforcers earned was averaged over the training sessions at each FR (for FR 1, the mean of the last three sessions was used). These consumption data were fit by Hursh & Silberberg's (2008) exponential demand equation:
where Q is quantity consumed, Q 0 is consumption as price approaches 0, k is a constant defining the consumption range in log units (k = 3.5 here), α determines the rate of decline in consumption, and C is cost (FR value). Demand curves are presented in two ways. First, the number of reinforcers earned was plotted as a function of FR. Then, to facilitate comparison of demand elasticity across reinforcers when baseline consumption differed, normalized consumption was plotted as a function of normalized price (Christensen et al. 2008a) . To normalize consumption, the number of cocaine infusions and food or saccharin reinforcers obtained was expressed as percentage of Q 0 ; the consumption level predicted by the model as price approaches 0. Price was normalized by converting it to the number of responses required at a particular FR to obtain 1 percent of Q 0 . Values of α and EV are the same for model fits of the raw data or of the normalized data.
After obtaining values of α from the model fits, EV was calculated according the formula given by Hursh (2014) :
EV was the primary measure of interest from the demand phase.
Extra sum-of squares F-tests were used to determine whether the best-fit values for group mean demand curve parameters significantly differed over reinforcers (Winger et al. 2006) . The null hypothesis was that parameters did not differ, and therefore, a single demand curve fit the data for both reinforcers. A significant F-statistic indicated that a single demand curve could not accommodate the consumption data for both reinforcers.
For the choice data, the percentage of free-choice trials on which cocaine was chosen, averaged over the three criterion sessions, was the primary measure of preference. Rats were classified as cocaine preferrers if they chose cocaine on greater than 50 percent of trials and as food or saccharin preferrers if they chose cocaine on fewer than 50 percent of trials.
The technique used to assess for serial dependencies in choice is based on Shimp (1966) . In his report, choice sequences were tallied, with each sequence reset by reinforcement. From these data, it is possible to calculate the probability of a choice as function of prior reinforcers. For each subject's set of free choices during the final three (i.e. criterion) choice sessions, instances when cocaine was chosen or when the non-drug alternative was chosen were noted. For each type of choice, the reinforcer chosen on the next trial was then also noted. This provided two conditional percentages: the percentage of trials on which cocaine was chosen given a prior choice of cocaine and the percentage of trials on which cocaine was chosen given a prior choice of the non-drug alternative. The same procedure was followed to obtain conditional percentages of cocaine choice given two consecutive cocaine choices or given two consecutive choices of the non-drug alternative. Repeated measure ANOVAs and paired-sample t-tests were used to statistically evaluate sequential dependencies. The null hypothesis in these analyses was that the percent choice of cocaine on trials when cocaine was chosen on the preceding trial(s) was not different from the percent choice of cocaine on trials when the non-drug alternative was chosen on the preceding trial(s). Rejection of the null hypothesis implies the sequential dependence of choice.
Multiple linear regression was used to determine whether the EVs of cocaine and the alternative reinforcer predicted cocaine choice. Pearson coefficients are also reported for the zero-order correlations among each of these variables. A post-hoc analysis combined the subjects from Experiments 1 and 2 by first converting the EVs of cocaine and the alternative reinforcer, as well as percent choice of cocaine, into z-scores for each experiment separately.
For selected individual subjects, whole-body cocaine levels over the course of single choice sessions were estimated based on the half-life of cocaine. A half-life of 18.1 minutes was used in the estimates because Barbieri et al. (1992) observed this elimination rate in rats self-administering 1.0 mg/kg cocaine infusions (the dose used in the present experiments). Following the method used by Weiss et al. (2003) , mg/kg of cocaine in the body at time n was estimated to be
where B n À 1 was the amount (mg/kg) of cocaine in the body from previous infusions, D was the dose of cocaine for the current infusion (always 1.0 mg/kg in the present study), K was 0.0383 (based on a 18.1-minute half-life) and T was minutes since last infusion.
RESULTS
Experiment 1
Demand for cocaine and food
Rats required an average of 10.7 (±0.6 SEM) sessions to meet the acquisition criterion on the FR 1 schedule. Averaged across the final three sessions on FR 1, rats self-administered a mean of 15.3 (±1.0 SEM) cocaine infusions and earned a mean of 282.1 (±17.8 SEM) food pellets. The left panel of Fig. 1a shows the group mean consumption of each reinforcer across the sequence of increasing FRs as well as the exponential model fit. The right panel of Fig. 1a shows the same data expressed in normalized units. The exponential model fit the data well, with R 2 values of 1.0 and 0.99 for cocaine and food, respectively. As the right panel of Fig. 1a illustrates most clearly, rats worked harder to defend baseline consumption of food than baseline consumption of cocaine. The extra sum-of-squares F-test indicated that best-fit parameters significantly differed over reinforcers [F(2, 10) = 135.0, p < 0.001]. For every subject, the EV of food was higher than that of cocaine.
Choice between cocaine and food
Rats required a mean of 5.6 (±0.2 SEM) sessions to meet the criterion on the choice procedure. On average, rats chose cocaine on 52.4 percent (±5.8 percent SEM) of free-choice trials averaged over the three criterion sessions. Individual subjects varied widely in preference, with some choosing cocaine exclusively and others choosing food exclusively. There were 15 cocaine preferrers and 11 food preferrers. One rat chose cocaine or food on exactly 50 percent of trials and was therefore not classified as either a cocaine preferrer or a food preferrer.
Relationships between demand and choice
Figure 1b presents individual subjects' data in the form of scatterplots showing the relationships among cocaine EV, food EV and choice. The left panel of Figure 1b shows that there was no association between the EV of cocaine and the EV of food (Pearson r = 0.13, p > 0.50). Thus, it was not the case that individuals that worked hard to defend consumption of one reinforcer also worked hard to defend consumption of the other reinforcer. A multiple linear regression analysis, with percent cocaine choice as the outcome and the EVs of the two reinforcers as the predictors, found a significant regression equation [F(2, 24) = 7.5, p < 0.005]. R 2 was 0.38. Cocaine choice percentage was predicted to be 43.6 + (cocaine EV * 1.38) À (food EV * 0.17). Both cocaine EV and food EV were significant predictors of choice (cocaine, p < 0.005; food, p < 0.05). The standardized βs were 0.56 and À0.36 for cocaine and food, respectively. There was a significant positive zero-order correlation between cocaine EV and cocaine choice (Pearson r = 0.51, p < 0.01), and there was a negative but non-significant zero-order correlation between food EV and cocaine choice (Pearson r = À0.29, p = 0.15).
Sequential dependencies in choice
An analysis of within-session patterns of choices on the final three choice sessions revealed sequential dependencies. The reinforcer chosen on a particular trial was influenced, in part, by the reinforcer chosen on the preceding trial (or trials). For both cocaine preferrers and food preferrers, cocaine choice was more likely when the choice on the previous trial was for food than when it was for cocaine (Fig. 2a). (Conversely, the likelihood of (There were 14 cocaine preferrers and 9 food preferrers included in this analysis.) Three rats were not included because they exclusively chose either cocaine or food, and therefore, sequential dependencies for both reinforcers could not be calculated.) While choice for the preferred reinforcer was reduced following a trial on which the preferred reinforcer was chosen, preference did not reverse. One-sample t-tests, where mean percent cocaine choice was compared with 50 percent (the value indicating no preference), confirmed that cocaine preferrers showed significant preference for cocaine even on trials where the preceding choice was for cocaine [t(13) = 4.4, p < 0.005] and food preferrers showed significant preference for food even on trials where the preceding choice was for food [t(8) = 2.8, p = 0.02]. Figure 2b shows the percentage of trials on which cocaine was chosen after a sequence of either two consecutive choices for cocaine or two consecutive choices for food. (Three of the cocaine preferrers and four of the food preferrers that were included in the preceding analysis were not included here because they did not have sequences of at least two consecutive choices for both reinforcers.) Now, the sequential dependency of choice is even more apparent. Cocaine preferrers' percent choice of cocaine following two consecutive cocaine choices was only 59 percent as compared with 83 percent following two consecutive food choices. Similarly, food preferrers chose cocaine 47 percent of To illustrate the impact of choice sequences on estimated whole-body cocaine levels, Fig. 3 shows the event records from individual choice sessions from individual subjects. Two examples of food-preferring rats and two examples of cocaine-preferring rats are presented. For the food preferrer presented in the top panel (Subject 15), the mean cocaine level was 0.46 mg/kg (±0.07 SEM) prior to cocaine choices and 0.79 mg/kg (±0.07 SEM) prior to food choices. This rat chose cocaine on all occasions (3 of 3) when the cocaine level was below 0.5 mg/kg and chose food on 10 of 11 occasions when the cocaine level was above 0.5 mg/kg. Subject 3 shows a similar pattern, but with some more variability in cocaine levels. The third panel illustrates the behavior of a cocaine-preferring rat (Subject 2). For this subject, the mean cocaine level was 1.36 mg/kg (±0.09 SEM) prior to cocaine choices and 2.00 mg/kg (±0.19 SEM) prior to food choices. This rat chose cocaine on all occasions (7 of 7) when the cocaine level was below 1.5 mg/kg and chose food on 4 of 7 occasions when the cocaine level was above Figure 3 Estimated whole-body cocaine levels on a minute-to-minute basis for selected individual subjects during single choice sessions. Upticks on the x-axis indicate when a reinforcer was delivered (C, cocaine; F, food). The dotted horizontal line represents the mean estimated wholebody cocaine level maintained during the free-choice portion of the session. The first four trials of each session (left of vertical line) were forcedchoice trials, and the remainder (right of vertical line) were free-choice trials 1.5 mg/kg. Subject 5, another cocaine preferrer, displays a similar pattern (bottom panel).
Experiment 2
Demand for cocaine and saccharin
Rats required a mean of 16.1 (±1.6 SEM) sessions to meet the FR 1 lever-press acquisition criterion. On the final three sessions of acquisition, rats self-administered a mean of 10.4 (±1.5 SEM) cocaine infusions and obtained a mean of 47.4 (±4.4 SEM) saccharin reinforcers. The left panel of Fig. 4a shows the mean number of reinforcers consumed at each FR, and the right panel of Fig. 4a presents the same data in normalized terms. (There are only five points for cocaine because no rats in Experiment 2 obtained any cocaine infusions on FR 560.) The exponential demand model fits the data well, with R 2 values of 0.99 and 0.93 for cocaine and saccharin, respectively. As illustrated most clearly by the right panel of Fig. 4a , elasticity of demand for the two reinforcers was comparable. The EVs of cocaine and saccharin were 5.7 and 9.0, respectively. The extra sum-of-squares F-test indicated that a global fit could accommodate the data for both cocaine and saccharin (F < 1). For eight rats, the EV of cocaine was higher than that of saccharin; for 12 rats, the EV of saccharin was higher than that of cocaine.
Choice between cocaine and saccharin
Rats required a mean of 5.5 (±0.3 SEM) sessions to meet the stability criterion during the initial choice phase. Rats' mean percent choice for cocaine was 54.2 percent (±9.4 SEM). Individual subjects' preference ranged from 0 to 100 percent choice of cocaine. There were 11 cocaine preferrers and 9 saccharin preferrers. Figure 4b presents the scatterplots which show, for individual subjects, the EV of cocaine, the EV of saccharin and the percent choice of cocaine. There was no association between the EV of cocaine and the EV of saccharin (Fig. 4b , left panel; r = À0.10, p > 0.65). Thus, as in Experiment 1, it was not the case that subjects that worked hard to defend consumption of one reinforcer also worked hard to defend consumption of the other reinforcer. A multiple linear regression analysis performed with cocaine choice as the outcome and the EVs of cocaine and saccharin as the predictors indicated that there was a significant regression equation [F(2, 17) = 14.0, p < 0.001]. R 2 was 0.62. Cocaine choice was predicted to be 58.2 + (cocaine EV * 4.4) À (saccharin EV * 4.3). Both cocaine EV and saccharin EV were significant predictors of choice (both ps < 0.005). The standardized βs were 0.57 and À0.49 for cocaine and saccharin, respectively. There was a significant positive zero-order correlation between cocaine EV and cocaine choice (Pearson r = 0.62, p < 0.005) and a significant negative zero-order correlation between saccharin EV and cocaine choice (Pearson r = À0.55, p = 0.01).
Relationships between demand and choice
All eight of the rats with higher cocaine EV than saccharin EV were cocaine preferrers. Only three of the 12 rats with higher saccharin EV than cocaine EV were cocaine preferrers. Fisher's exact test indicated that these frequencies (8/8 versus 3/12) significantly differed (p < 0.005). Figure 5a shows that the mean percent cocaine choice for rats with higher cocaine EV than saccharin EV was significantly higher [t(18) = 5.8, p < 0.001] than that of rats with higher saccharin EV than cocaine EV.
Sequential dependencies of choice
Similar to the results of Experiment 1, percent choice of cocaine was lower when the choice on the preceding trial was for cocaine as compared with when choice on the preceding trial was for saccharin (and vice versa; a) Mean (± SEM) percent choice of cocaine in subgroups of rats for which cocaine had higher essential value than saccharin (black bar) or saccharin had higher essential value than cocaine (white bar). (b) Sequential dependencies in Experiment 2. Data presented are the mean (± SEM) percentage of free choices for cocaine when the choice on the preceding trial was for cocaine (black bars) or saccharin (white bars) in cocaine preferrers and saccharin preferrers. (c) Mean (± SEM) percent choice of cocaine in cocaine preferrers (filled circles) and saccharin preferrers (open circles) during the final five sessions of the original choice phase with a 10-minute intertrial interval (ITI) separating choices, during the five sessions with a 60-minute ITI, and on the five sessions when rats were returned to the 10-minute ITI procedure. (d) Sequential dependencies during choice sessions with the 60-minute intertrial interval in Experiment 2. Data presented are the mean (± SEM) percentage of free choices for cocaine when the choice on the preceding trial was for cocaine (black bars) or saccharin (white bars) in cocaine preferrers (n = 9) and saccharin preferrers (n = 8). *** indicates p < 0.001. * indicates that the main effect of trial type was significant at p < 0.05 interaction. (Rats that exclusively chose one reinforcer were not included in this analysis, leaving n = 9 cocaine preferrers and n = 8 saccharin preferrers.) However, cocaine preferrers still showed strong preference for cocaine and saccharin preferrers still showed strong preference for saccharin even on trials where the preceding choice was for their preferred reinforcer. One-sample t-tests indicated that percent choice of cocaine on trials following a choice for cocaine was still significantly greater than 50 percent for cocaine preferrers [t(8) = 6.6, p < 0.001] and still significantly lower than 50 percent for saccharin preferrers [t(7) = 4.4, p < 0.005]. Sequential dependencies after two consecutive choices of the same reinforcer are not presented for Experiment 2 because there were only three rats that had choice sequences that included two consecutive choices for cocaine and two consecutive choices for saccharin.
Effect of increasing ITI length
Figure 5c presents, for cocaine preferrers and saccharin preferrers, the percent choice of cocaine during the final five choice sessions of the initial 10-minute ITI phase, the five sessions when the ITI was lengthened to 60 minutes, and the five sessions when rats were returned to the 10-minute ITI procedure. Preference was largely unaffected by ITI length for the majority of rats. However, two cocaine preferrers switched their overall preference to saccharin during the 60-minute ITI phase before switching preference back to cocaine during the final 10-minute ITI phase. A 5 × 3 × 2 (trial × phase × subgroup) repeated measure ANOVA indicated that there was a significant main effect of subgroup [F(1, 16) = 124.6, p < 0.001], but no significant effects of trial or phase and no significant interactions involving these variables (all Fs ≥ 2.6, all ps > 0.05). (Two rats, one cocaine preferrer and one saccharin preferrer, were excluded from this analysis due to catheters that failed during the additional choice phases.)
As Fig. 5d shows, there were no longer sequential dependencies of choice during the 60-minute ITI phase for the cocaine preferrers (n = 6) or the saccharin preferrers (n = 6; 12 rats are included in this analysis because the other subjects exclusively chose cocaine or saccharin during this phase). A 2 × 2 (subgroup × trial type) repeated measure ANOVA confirmed that there was a main effect of subgroup [F(1, 10) = 21.3, p < 0.001], but the main effect of trial type and the subgroup × trial type interaction was not significant (both Fs < 1).
Combined analysis
The results of the multiple regression analyses suggest that the relationship between the EV of the two reinforcers and choice was similar across experiments. The standardized βs for cocaine were 0.56 and 0.57 in Experiments 1 and 2, respectively, and those for the non-drug alternative were À0.36 and À0.49 in Experiments 1 and 2, respectively. Given this similarity, the 47 rats from both experiments were combined for an additional posthoc analysis. Because the absolute EVs of cocaine and the non-drug alternative differed across experiments, they were first standardized by conversion to z-scores (for each experiment separately) before being combined. Percent choice of cocaine was standardized across experiments in the same way. Figure 6a presents a scatterplot of the standardized EVs of cocaine and the non-drug alternative reinforcer for the 47 rats. Rats can be classed into four subgroups, corresponding to the four quadrants of the scatterplot, Figure 6 Data from the analysis combining rats from Experiments 1 and 2. (a) Scatterplot of individual subjects' standardized essential values of cocaine and the non-drug alternative. The filled circles indicate rats from Experiment 1; the open circles indicate rats from Experiment 2. Rats were classed into subgroups based on which quadrant of the scatterplot they were in ('HiCoc', high cocaine essential value; 'LoCoc', low cocaine essential value; 'HiAlt', high alternative essential value; 'LoAlt', low alternative essential value). (b) Mean (± SEM) standardized cocaine choice score for these subgroups. *** and * indicate p < 0.001 and p < 0.05, respectively based on whether they have high (z-score > 0) or low (zscore < 0) EV of cocaine and the non-drug alternative. Figure 6b shows the standardized percent choice of cocaine for each of these four subgroups. One sample ttests indicated that mean standardized cocaine choice score was significantly above 0 (i.e. the value corresponding to average cocaine preference) only for the subgroup of rats with high cocaine EV and low alternative EV [t(10) = 6.1, p < 0.001]. For rats with low cocaine EV and high alternative EV, the mean standardized cocaine choice score was significantly below 0 [t(13) = 2.7, p < 0.02]. The other two subgroups' mean standardized cocaine choice scores did not significantly differ from 0 (both ts < 0.7, both ps > 0.5).
DISCUSSION
The present study found that for rats given a choice between cocaine and a non-drug alternative reinforcer, cocaine EV was a positive predictor of cocaine preference and the EV of the alternative (whether food or saccharin) was a negative predictor of cocaine preference. In Experiment 2, a simple comparison of the EVs of cocaine and saccharin for each individual could be used to predict preference with a high degree of accuracy-85 percent of the rats (17 of 20) preferred whichever of the two reinforcers had the higher EV. The relationship between EV and choice was more complicated in Experiment 1. For all rats, food had substantially higher EV than cocaine, yet 15 out of 27 rats preferred cocaine over food when given a mutually exclusive choice between them.
A potential reason many rats in Experiment 1 preferred the lower EV reinforcer is that a 1.0-mg/kg cocaine infusion was a relatively larger-magnitude reinforcer than a 45-mg food pellet. During FR 1 lever-press acquisition, rats self-administered 15 cocaine infusions during the 1 hour per session that the cocaine lever was available. In contrast, they consumed 282 food pellets per session. Thus, one cocaine infusion represented approximately 7 percent of baseline cocaine consumption, whereas one food pellet represented only 0.4 percent. This meant that during choice trials, rats were effectively choosing between a relatively large amount of a low value reinforcer versus a small amount of a high value reinforcer. In Experiment 2, rats' baseline consumption levels of cocaine and saccharin reinforcers were more similar (10 versus 47). This suggests that EV is most useful as a predictor of choice when dealing with reinforcers that maintain approximately equivalent levels of baseline consumption. Nevertheless, the EVs of cocaine and food were still significant predictors of choice in Experiment 1 despite producing very different baseline consumption levels.
In the present experiments, a slight majority of rats (~55 percent) preferred cocaine over the non-drug alternative. This contrasts with previous experiments from our laboratory (Tunstall & Kearns 2013 , 2014 and others (e.g. Cantin et al. 2010 ) that have found 15-20 percent cocaine preference using a similar discrete-trial choice procedure. A possible explanation for this difference in cocaine preference is that that in the present experiments rats received many training sessions with intermixed components of cocaine-reinforced and food-reinforced or saccharin-reinforced responding prior to the choice phase, whereas the previous studies used acquisition procedures where only one reinforcer was available per session, either in alternating sessions (Cantin et al. 2010; Tunstall & Kearns 2015) or in successive phases (Tunstall & Kearns 2013 , 2014 . Withinsession exposure to cocaine and the non-drugalternative reinforcer could have created a situation where rats learned a drug-induced conditioned taste aversion (CTA), the phenomenon where pairings of a food or fluid with a drug like cocaine reduce subsequent consumption of that food or fluid (Verendeev & Riley 2012) , at least early in training. While potential aversive conditioning did not prevent food or saccharin from functioning as reinforcers (rats earned a mean of 282 and 47 food and saccharin reinforcers, respectively, per session by the end of acquisition), it is possible that subtle aversive properties were conditioned to the non-drug-alternatives. This could have acted to reduce their value relative to that in the previous studies where acquisition did not involve within-session exposure to both cocaine and the nondrug alternative. The present experiments were not designed to assess CTA and therefore did not have the control conditions necessary to determine conclusively whether a CTA occurred. However, the possibility that some aversion learning occurred could explain the higher rate of cocaine preference observed in the present experiments.
Previous studies have investigated the relationship between progressive-ratio schedule BP and choice between cocaine and non-drug alternatives. Cantin et al. (2010) obtained BPs for rats responding for saccharin (20-second access to a 0.2 percent solution; same as in Experiment 2 here) or 0.25-mg cocaine infusions (equivalent to 0.75 mg/kg/infusion for a 333-g rat) prior to allowing rats to choose between these reinforcers on a discrete-trials procedure like that used here. These investigators found that, in general, individual differences in BPs for cocaine and saccharin were not good predictors of subsequent preference, accounting for only 15 percent of variance in choice behavior. The majority (65.6 percent) of rats were behaviorally incongruent across the BP and choice measures-i.e. they preferred the reinforcer with the lower BP. This contrasts with the results of Experiment 2 here, where 85 percent of subjects preferred the reinforcer with higher EV and individual differences in EV accounted for 62 percent of the variance in choice behavior. Perry et al. (2013) also investigated the relationship between BP and cocaine choice in rats. They found that while BP for cocaine or food measured early in training did not predict later choice between reinforcers, a subset of rats that developed a preference for cocaine over several weeks of choice training subsequently displayed higher BPs for cocaine and lower BPs for food than rats that maintained preference for food (see Perry et al. 2015 for similar results).
The difference in results across studies using BP and EV as predictors of choice suggests that these measures capture different aspects of behavior. This is not surprising given the differences in procedures used to obtain each measure. Demand curve procedures permit the observation of continuously varying levels of consumption across multiple ratios. In contrast, on a progressive-ratio schedule, consumption at each ratio is binary-either the animal obtained a reinforcer or did not. While EV reflects sensitivity to price as measured across of range of prices and therefore indexes inelasticity of demand, BP -the last ratio completed before the animal quits responding-may better reflect resistance to extinction. Given these procedural differences, as well as the important point that EV (but not BP) is independent of scalar properties of the reinforcer, it is not surprising that in studies that have used both EV and BP, different outcomes have been found for the two measures (Lamb & Daws 2013; Panlilio et al. 2013) .
Rats in the present experiments were more likely to choose a reinforcer after having chosen the other reinforcer on previous trials. These sequential dependencies indicate that a preference measure based on wholesession data is aggregated over instances where preference fluctuates from trial to trial. The fluctuations in preference were not so extreme in the present experiments that cocaine preferrers switched preference to the nondrug alternative after having chosen cocaine. However, there were sequential dependencies suggesting that cocaine and the alternative reinforcer were interacting to some extent in determining choice. Lengthening the ITI from 10 to 60 minutes in Experiment 2 appears to have minimized these interactions because the sequential dependencies were no longer apparent with the longer ITI.
Because there were no external cues signaling which reinforcer had been chosen on the previous trial, it is likely that the internal state produced by cocaine influenced choice on a trial-to-trial basis. (It seems unlikely that a single food pellet earned 10 minutes previously would alter internal satiety cues appreciably.) This hypothesis is consistent with the well-established observation that rats regulate their intake of cocaine (Tsibulsky & Norman 1999; Lynch & Carroll 2001) and that this regulation is based on the interoceptive cue produced by cocaine (Panlilio et al. 2008) . In choosing cocaine more frequently on trials following choices of the alternative reinforcer, it appears that most rats were attempting to maintain some minimal level of cocaine intake, with strongly cocaine-preferring rats regulating intake around a higher minimum level than less strongly cocainepreferring rats (Fig. 3) .
The account provided earlier suggests that the relative values of the two reinforcers changed dynamically from trial to trial. After one or more choices of cocaine, its value decreased relative to the alternative, whereas after one or more choices of the alternative, cocaine's value increased relative to the alternative. Vandaele et al. (2015) have recently reported another way in which the value of cocaine and a non-drug alternative can interact in a choice situation. They found that with short (1 minute) ITIs, the anorexic effects of cocaine reduced the value of saccharin to such an extent that rats exclusively chose cocaine. Only when the ITI was lengthened to 10 minutes (as used here), allowing time for cocaine's anorexic effects to dissipate, did saccharin have sufficient value for rats to choose it. Vandaele et al. (2015) used a cocaine dose of 0.25 mg/infusion (equivalent to approximately 0.6 mg/kg/infusion in 400-g rats), whereas a dose of 1.0 mg/kg/infusion was used in the present experiment. This raises a question of whether 10 minutes was sufficient to allow the anorexic effects of cocaine to dissipate. Some evidence suggesting that a 10-minute ITI was sufficient comes from the sequential dependency data, which indicate that rats were more likely to choose food or saccharin having chosen cocaine on previous trial(s). If cocaine's anorexic effects extended through the 10-minute ITI, rats should have been less likely to choose food or saccharin following a choice of cocaine.
The finding in Experiment 1 that food had much higher EV than cocaine replicates the results of Christensen et al. (2008a Christensen et al. ( ,2008b , despite procedural differences (e.g. use of one non-retractable lever for both reinforcers in Christensen et al. versus a separate retractable lever for each reinforcer here). In Experiment 2 of the present study, the EVs of cocaine and saccharin did not differ. Thus, elasticity of demand for cocaine was less like that for a substance that is necessary for survival (i.e. food in hungry rats) and more like that for a sweet taste that is void of calories and unnecessary for survival (i.e. saccharin). The pattern of results from the two experiments reported here, along with the results of Christensen et al. are consistent with the notion that cocaine is low on the reinforcer value ladder for rats (Cantin et al. 2010) .
In Experiment 2, where the EVs of cocaine and saccharin did not differ, the EV of cocaine was substantially lower than it was in Experiment 1. In addition to the change in the non-drug alternative from food to saccharin across Experiment 1 and Experiment 2, rats in Experiment 1 were maintained at 85 percent of their freefeeding weights whereas those in Experiment 2 were not food-deprived. Previous studies have found that rats more than double their intake of cocaine when food-deprived as compared with when not food-deprived (Carroll 1985) . Previous studies have also found that mere access to a glucose + saccharin solution during a session decreases the rate of cocaine self-administration in rats (Carroll et al. 1989) . Given the finding that food in Experiment 1 had much higher EV than saccharin did in Experiment 2, it might be expected that access to food would have had a greater suppressive effect on cocaine self-administration than saccharin would. Thus, it seems more likely that the difference in cocaine EV across experiments was due to the change in food-deprivation status rather than to the change in non-drug alternative reinforcer.
To the extent that choice of cocaine over a non-drug alternative reinforcer model addiction-like behavior, the present results suggest that addiction-prone individuals are those with reduced elasticity of demand (higher EV) for cocaine and increased elasticity of demand (lower EV) for non-drug alternatives. As shown in Fig. 6 , only the subset of rats with both high cocaine EV and low alternative reinforcer EV had significantly elevated preference for cocaine. Increased drug availability and decreased access to non-drug alternatives are known to contribute to addiction (Ahmed 2005; Volkow & Li 2005; Ahmed et al. 2013) . In the present experiment, all subjects had equal access to the drug and non-drug reinforcers, but only some subjects showed preference for the drug. These results suggest that in addition to differential availability of drug versus non-drug reinforcers, individual differences in how those reinforcers are valued are important in addiction.
